N-methyl-D-aspartate receptors (NMDARs) are ionotropic glutamate receptors that mediate excitatory synaptic transmission and have been implicated in numerous neurological disorders. NMDARs typically comprise two GluN1 and two GluN2 subunits. The four GluN2 subtypes (GluN2A-GluN2D) have distinct functional properties and gene expression patterns, which contribute to diverse functional roles for NMDARs in the brain. Here, we present a series of GluN2C/2D-selective negative allosteric modulators built around a N-aryl benzamide (NAB) core.
INTRODUCTION
N-methyl-D-aspartate (NMDA) receptors are essential for normal brain function and have been associated with numerous neurological disorders, including intellectual disabilities, epilepsy, ischemia, psychiatric illnesses, and neurodegenerative disorders. [1] [2] [3] [4] NMDARs are ionotropic glutamate receptors that mediate a slow, calcium-permeable current that contributes to excitatory synaptic transmission in the brain. NMDAR activation requires binding of the co-agonists glutamate and glycine as well as depolarization to remove extracellular Mg +2 from the channel pore. These tetrameric receptors typically contain two glycine-binding GluN1 subunits and two glutamate-binding GluN2 subunits. The four GluN2 subunits (GluN2A-GluN2D) have markedly different functional properties and distinct expression patterns in the central nervous system. 5 For example, GluN2C and GluN2D have enhanced glutamate potency and reduced sensitivity to voltage-dependent Mg +2 block compared to GluN2A and GluN2B, which may allow GluN2C-and GluN2Dcontaining NMDARs to be activated by ambient glutamate at resting membrane potential. In addition, the unique and restricted expression patterns of GluN2C and GluN2D make them intriguing targets for modulating particular neuron types or brain circuits. In the adult hippocampus and cerebral cortex, GluN2A and GluN2B are expressed in principal neurons and interneurons, whereas GluN2C and GluN2D are expressed only in interneurons. [6] [7] [8] GluN2C is also expressed in cerebellum, thalamus, amygdala, and olfactory bulb, [9] [10] [11] and GluN2D is expressed in the basal ganglia, neuromodulatory brainstem nuclei, thalamus, and the deep cerebellar nuclei. 6, [12] [13] [14] In addition, GluN2C and GluN2D mRNA are expressed in oligodendrocytes in the optic nerve, cerebellum, and corpus collosum. [15] [16] [17] [18] GluN2 subunit diversity provides an opportunity for therapeutically targeting specific NMDAR populations expressed in the brain circuits involved in neurological diseases. 19, 20 Although the GluN2C and GluN2D subunits are expressed in vital brain circuits, the functional roles for GluN2C and GluN2D in the brain remain poorly understood compared to GluN2A and GluN2B. The recent development of GluN2C/2D-selective modulators has enabled the first pharmacological studies of GluN2C and GluN2D function in synaptic transmission, brain circuit function, and behavior. The GluN2C/2D-selective negative allosteric modulators DQP-1105 and QNZ46 have up to 50-fold selectivity for GluN2C/2D decreased both potency and selectivity for GluN2C-and GluN2D-containing receptors ( Table 1) . A series of analogs with modifications at R 1 were evaluated for their ability to selectively inhibit GluN2C-and GluN2D-containing NMDARs (Table 1) . Substituted naphthyl derivative compound 4 had minimal activity, and replacement with a phenyl ring in compound 8 decreased potency compared to compound 2. A series of analogs containing indole rings at R 1 were synthesized to evaluate the effect of replacing the naphthyl moiety with a heterocycle. Linking an indole to the C-4 (9), C-5 (10) or C-6 (11 and 12) position resulted in decreased potency compared to compound 2. In contrast, linking an indole to the C-7 position of the carbamate, as in compound 14, maintained low micromolar potency at GluN2C-and GluN2D-containing receptors. Carbamate 14 had IC 50 values of 3.7 μM at GluN2C and 2.2 μM at GluN2D and was >800-fold more potent at GluN2C and GluN2D compared to GluN2A and GluN2B (Figure 1c-e ). Furthermore, the solubility of compound 14 was improved to 100 μM when initially dissolved in aqueous solution and 70 μM after 3 hr in aqueous solution at room temperature. A variety of substituents on the 7-amino linked indole were systematically tested while holding the carbamate constant, but these compounds resulted in loss of potency or inactivity (Supplementary Table 1 ).
We subsequently evaluated the effect of modifying the alkyl substituents on the carbamate (R 2a and R 2b ; Table 2 ). Shortening the carbamate of compound 2 to a N,N-dimethyl group (15) greatly reduced activity, and replacing one N-ethyl on the 7-amino linked indole (14) with N-methyl as in compound 16 reduced potency at GluN2C-and GluN2D-containing NMDARs. Extension of the carbamate to N,N-diisopropyl as in compound 17 caused a modest decrease in potency and selectivity compared to compound 2 as well as a decrease in solubility to 20 μM in aqueous solution. Analogs containing lengthier linear substituents (18) (19) (20) (21) such as N,N-diallyl (18) and N,N-dibutyl (21) groups resulted in only minimal activity. These data suggest that the binding pocket may prefer bulky and branched hydrophobic carbamates. Modifications to the center phenyl ring and the two linkers produced no discernible improvement in efficacy or potency (Supplementary Tables 2-5 ). We concluded that carbamate 14, hereafter referred to as NAB-14, had the best combination of efficacy, potency, selectivity, and solubility. NAB-14 was used to evaluate the structural determinants, mechanism of action, and utility of this class of tool compounds. a previously described recombinant system that allows for selective surface expression of NMDARs containing GluN1/GluN2A/GluN2C. 46, 47 The GluN2 subunits were tagged with C-terminal peptides containing complimentary coiled-coil domains and an endoplasmic reticulum (ER) retention signal (hereafter referred to as C1 and C2). Triheteromeric NMDARs containing GluN2 subunits with complementary C1-and C2-tagged subunits traffic to the surface, whereas diheteromers containing two C1-tagged subunits or two C2tagged subunits are retained in the ER. Concentration-response relationships for NAB-14 were acquired in Xenopus oocytes expressing GluN1 with C1-and C2-tagged GluN2 subunits. The IC 50 value for NAB-14 at triheteromeric GluN1/2A C1 /2C C2 receptors was 15 μM [pIC 50 = −4.82 (−5.07, −4.57), N = 8-13], which was significantly greater than the IC 50 value at diheteromeric GluN1/2C C1 /2C C2 receptors [5.1 μM, pIC 50 = −5.29 (−5.35, −5.22) , N = 8-14, Figure 1f ,g]. NAB-14 (100 μM) inhibited GluN1/2A C1 /2C C2 to 19.9 ± 1.6% of the maximal response to glutamate and glycine; whereas, GluN1/2C C1 /2C C2 receptors were inhibited to 11.7 ± 1.4% of the maximal response (N = 8, t-test, p = 0.002). To ensure that the system promoted selective trafficking of GluN1/2A C1 /2C C2 triheteromeric receptors, we had two additional control groups expressing mutant GluN2 subunits that cannot bind glutamate (2A C1 /2C-RKTI C2 or 2A-RKTI C1 /2C C2 ). 46 These control experiments demonstrated that 95.8% (mean of all experimental days) of the total current response was produced by triheteromeric GluN1/2A C1 /2C C2 receptors ( Supplementary Figure 3 ). While the potency of NAB-14 was significantly reduced at triheteromeric NMDARs compared to diheteromers, our data indicate that NAB-14 does effectively inhibit NMDARs containing only one GluN2C subunit. The ability to inhibit triheteromeric receptors is an important characteristic of this class of GluN2C/2D-selective NMDAR modulators because native GluN2C and GluN2D subunits are often expressed with GluN2A and GluN2B subunits, respectively. 25, [48] [49] [50] [51] In addition to GluN2 subunit diversity, there are eight splice variants of the GluN1 subunit (GluN1-1a/b, 2a/b, 3a/b, 4a/b) that can be included in NMDAR tetramers. 5 These variants exhibit different expression profiles and confer distinct biophysical and pharmacological properties on the NMDAR. [52] [53] [54] [55] Neither the efficacy nor potency of NAB-14 differed significantly between the eight splice variants when co-expressed with GluN2D ( Supplementary Figure 4 and Supplementary Table 6 ), suggesting that the diverse GluN1 splice variant expression across brain regions will not affect NAB-14 inhibition.
NAB-14 is a non-competitive antagonist-To evaluate the mechanism of action for NAB-14, we first determined whether NAB-14 acted as a competitive antagonist using recombinant NMDARs expressed in Xenopus oocytes. Concentration-response curves for glutamate and glycine were obtained at GluN1/GluN2D receptors in the absence and presence of 3 μM NAB-14. NAB-14 did not significantly affect glutamate potency [EC 50 : 0.61 μM, pEC 50 = −6.22 (−6.29, −6.14) vs. 0.71 μM, pEC 50 = −6.15 (−6.36, −5.93), N = 7-8] or glycine potency [EC 50 : 0.16 μM, pEC 50 = −6.81 (−6.91, −6.70) vs. 0.15 μM, pEC 50 = −6.82 (−6.92, −6.72), N = 7-10; Supplementary Figure 5 ]. Furthermore, concentrationresponse curves for NAB-14 were not significantly altered when the glutamate concentration was increased from 100 μM to 500 μM or the glycine concentration was increased from 30 μM to 150 μM (Supplementary Figure 5 and Supplementary Table 7 ). Together, these data suggest that NAB-14 does not compete with glutamate or glycine for binding, nor does the binding of NAB-14 produce an allosteric change that detectably alters glutamate or glycine potency. In addition, NAB-14 activity at GluN2D-containing receptors was unaffected by holding potential or magnesium concentration (Supplementary Figure 6 ), suggesting that NAB-14 does not bind in the channel pore. Finally, the potency of NAB-14 was not altered by changes in pH, suggesting that it is unaffected by proton inhibition (Supplementary Figure 6 ). Altogether, these data suggest that NAB-14 is a negative allosteric modulator of NMDARs that acts in a purely noncompetitive fashion.
Structural determinants of NAB-14 activity reside in the GluN2D M1 transmembrane helix-Given the finding that NAB-14 is an allosteric modulator, a series of GluN2A-GluN2D chimeras were used to identify the structural determinants of NAB-14 action. The amino-terminal domain as well as portions of the agonist binding domain and transmembrane domain of GluN2D were inserted into GluN2A, and NAB-14 inhibition was tested in oocytes expressing the chimeric receptors. Replacement of the M1 transmembrane helix of GluN2A with that of GluN2D resulted in significant inhibition by NAB-14, which was comparable to inhibition of wild type GluN2D-containing receptors ( Supplementary Figure 7) . To determine if specific residues in this region mediated GluN2 subunit selectivity, we identified the residues that differed between GluN2A/2B and GluN2C/2D, and then used site-directed mutagenesis to exchange the GluN2A and GluN2D residues (Figure 2a ). Mutating Cys590 in GluN2D to the analogous GluN2A amino acid (Leu565) led to a significant reduction in NAB-14 activity (52.6 ± 5.0% of control compared to 14.1 ± 3.0% of control for wild type GluN2D, Figure 2b ,c). Mutating Leu565 in GluN2A to cysteine was sufficient to transfer NAB-14 activity to the GluN2A subunit (34.7 ± 3.4% of control compared to 94.3 ± 4.4% of control for wild type GluN2A). These data suggest that Cys590, which is located in the middle of the transmembrane M1 helix, is a critical residue for the GluN2 subunit selectivity of NAB-14.
To further analyze the structural determinants for NAB-14 activity in the M1 region, we tested the efficacy of 10 μM NAB-14 on GluN2D mutant subunits wherein each residue of the pre-M1 region and M1 helix was mutated to alanine, or to cysteine if the endogenous GluN2D residue was alanine. 56 Several mutations in the M1 region affected NAB-14 activity, with the Met586Ala mutation producing the most robust effect as it abolished activity of 10 μM NAB-14 (98.4 ± 2.5% of control; Figure 2d ). The mutated residues that affected NAB-14 activity largely aligned on one side of the M1 helix (Figure 2e ), and we also detected a modest reduction in NAB-14 activity by one pre-M1 mutation (Phe574Ala, Supplementary Figure 8 ). Interestingly, the structural determinants of NAB-14 activity in the M1 helix are shared with the GluN2C/2D-selective positive allosteric modulator CIQ; 56, 57 this raises the possibility that the M1 transmembrane helix is a site for bidirectional subunitselective modulation of the NMDAR. While these data identify structural determinants of NAB-14 activity, we cannot determine if NAB-14 binds to this region. It is also possible that the M1 helix is responsible for downstream actions during channel gating that are disrupted by NAB-14 acting elsewhere on the receptor, such as the agonist binding domain or linkers connecting the agonist binding domain to the transmembrane domain.
Kinetic mode of action of NAB-14 at GluN1/GluN2D receptors in mammalian cells-To better understand the mechanism of action for NAB-14, the association and dissociation time courses were evaluated in mammalian cells. A rapid solution exchange system was used to apply agonists and NAB-14 to HEK cells transiently expressing GluN1/ GluN2D, and current responses were recorded by whole-cell voltage-clamp. The time course for onset of NAB-14 inhibition could be fit by a single exponential function and was dependent on the inhibitor concentration ( Figure 3a) . The association rate, k on , was determined to be (1.6 ± 0.1) × 10 5 M −1 s −1 (Figure 3b ). Recovery from NAB-14 inhibition was fit by a single exponential function and was independent of inhibitor concentration; the dissociation rate, k off , was determined to be 0.20 ± 0.01 s −1 . Using the association and dissociation rates, the apparent affinity (K D ) of NAB-14 for GluN1/GluN2D receptors was determined to be 1.2 μM.
The IC 50 value for NAB-14 at GluN1/GluN2D receptors in HEK cells was 580 nM [pIC 50 = −6.23 (−6.29, −6.18); Supplementary Figure 9 ], which was decreased (more potent) compared to the IC 50 value observed in oocytes (2.2 μM; Table 1 ). To determine if this potency increase in mammalian cells was an attribute of this series or specific to NAB-14, we also acquired concentration-response data for compounds 22 and 34, which had IC 50 values of 6.4 μM and 5.7 μM at GluN1/GluN2D receptors in oocytes, respectively (Supplementary Tables 1 and 2 ). Indeed, these analogs also showed increased potency in HEK cells; the IC 50 values of compounds 22 and 34 were 1.7 μM [pIC 50 = −5.78 (−5.87, −5.70)] and 1.2 μM [pIC 50 = −5.92 (−6.01, −5.84)], respectively ( Supplementary Figure 9 ).
At synapses, NMDARs are activated by vesicular release of glutamate that is rapidly cleared from the synaptic cleft, a process that takes only a few milliseconds. Some antagonists have shown agonist-dependent binding to NMDARs. That is, agonist must bind to the receptor before the antagonist can bind, suggesting that agonist-dependent antagonists may not effectively bind and inhibit activated NMDARs during a single synaptic event. 22, 23 To test the agonist-dependence of NAB-14 binding, we used the rapid solution exchange system to first apply glycine and NAB-14 to HEK cells expressing GluN1/GluN2D, then glutamate was applied in the continuous presence of glycine and NAB-14 ( Figure 3c ). The application of glutamate resulted in an immediate peak response that relaxed to a steady-state level of inhibition. The IC 50 of NAB-14 at the peak current response was 1.9 μM [pIC 50 = −5.72 (−5.84, −5.61)], which was slightly higher than the IC 50 at the steady-state current response [580 nM, pIC 50 = −6.24 (−6.30, −6.17); Figure 3d ). The IC 50 value for NAB-14 inhibition of the response to a 5 ms glutamate pulse was 1.7 μM [pIC 50 = −5.78 (−5.87, −5.69)]. Overall, the fitted concentration-response curves were significantly different [F(2,72) = 31.50, p < 0.001], suggesting that NAB-14 inhibits the steady-state response with enhanced potency compared to the peak response. The maximal levels of NAB-14 inhibition at 30 μM were significantly different between the steady-state and peak responses (2.0 ± 0.7% and 12.7 ± 2.0% of control, respectively; p = 0.005, paired t-test). A similar experiment was performed to test whether NAB-14 activity was dependent on glycine binding, wherein glycine was rapidly applied in the continuous presence of glutamate and NAB-14. Glycine binding did not significantly affect the potency or efficacy of NAB-14 at GluN1/GluN2D receptors (Supplementary Figure 10) . These data suggest that NAB-14 can bind GluN1/ GluN2D receptors without glycine or glutamate present, but that glutamate binding may increase the affinity of NAB-14 for the receptor.
Given these results, we next tested how NAB-14 would affect NMDARs activated by a train of brief stimuli, as may occur during a series of synaptic events. We applied a train of 5 brief (3-20 ms) pressure pulses of NMDA and glycine to HEK cells transiently expressing GluN1/GluN2D. Increasing concentrations of NAB-14 were bath-applied, and the 5 pulses were delivered at 1 Hz every 30 s (Figure 3e ). The IC 50 for NAB-14 inhibition was 3.5 μM [pIC 50 = −5.45 (−5.59, −5.32)] for the first pulse and 2.2 μM [pIC 50 = −5.66 (−5.76, −5.57)] for the fifth pulse ( Figure 3f ). The inhibition at 30 μM NAB-14 was 18.9 ± 3.2% of control for the first pulse and 7.2 ± 3.2% of control for the fifth pulse (p < 0.001, paired t-test). These data suggest that NAB-14 inhibits GluN2D-containing NMDARs activated by brief agonist pulses, albeit with marginally reduced potency and efficacy compared to prolonged agonist applications. Additionally, NAB-14 had no activity at GluN1/GluN2A receptors expressed in HEK cells (Supplementary Figure 11 ). Altogether, we interpret these findings as evidence that glutamate binding to the agonist binding domain induces a conformational change that modestly enhances NAB-14 activity, perhaps by increasing its affinity for the putative binding site in the GluN2D M1 helix. Therefore, this series of antagonists will likely inhibit single synaptic events, and may be more efficacious during high frequency synaptic activity.
In vivo exposure studies for the NAB series of GluN2C/2D-selective modulators-Plasma and brain concentrations of NAB-14 as well as compounds 1, 2, and 17 were measured following an oral dose of 20 mg/kg in mice and rats (Table 4 ). NAB-14 and compound 2 showed higher systemic exposure in both mice and rats compared to compounds 1 and 17. Where systemic exposure could be obtained, all four compounds were detected in the brain suggesting brain penetrance in general for this class of the compounds. Consistent with the high non-specific binding in brain tissue, the estimated free (unbound) concentrations in the brain were all below 5 nM at the tested dose except for compound 2 in rats, which had a free concentration of 76 nM. All compounds were found to be rapidly metabolized in vivo with an elimination half-life less than 1 h. This instability was also found in vitro in mice and rat plasma, where values for free fractions could not be obtained due to instability. Although the brain penetration of the most selective compound NAB-14 was limited, it is important that the main scaffold of this series of compounds allows for brain penetration, which is promising for future development of this series as a tool for in vivo experiments or drug therapies.
NAB-14 inhibits GluN2C/2D-containing receptors in cultured neurons and brain slices-
To test whether NAB-14 was selective for GluN2C/2D-containing NMDARs in neurons, cultured rat cortical neurons were transiently transfected with recombinant GluN2C or GluN2D, and NMDARs were activated by pressure-applied pulses of NMDA and glycine. First, we demonstrated that GluN2C and GluN2D were not endogenously expressed in these cells by testing the effect of CIQ (20 μM), a GluN2C/2Dselective positive allosteric modulator. 57 CIQ increased agonist-evoked responses in GluN2C-expressing neurons to 145 ± 5.9% of control (N = 5), but had no significant effect 
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Author Manuscript on responses in neurons transfected with GFP alone (98 ± 1.8% of control, N = 5). NAB-14 (20 μM) inhibited agonist-evoked responses in GluN2C-and GluN2D-expressing neurons to 54 ± 4.8% and 69 ± 6.3% of control responses, respectively (Figure 4a,b ). NAB-14 did not affect agonist-evoked current responses in neurons transfected with GFP alone (101 ± 0.7% of control). To test the efficacy of NAB-14 on native GluN2D-containing NMDARs, we activated NMDARs on subthalamic neurons in acute slices of the STN with pressure-applied NMDA and glycine. NAB-14 significantly inhibited agonist-evoked currents in the STN to 59 ± 2.8% of control (Figure 4c-e ). Together, these results indicate that NAB-14 inhibits native GluN2D-containing receptors in brain slices with no effect on native GluN2A-or GluN2B-containing NMDARs in cultured cortical neurons.
NAB-14 modulates NMDAR EPSCs in subthalamic neurons and hippocampal
interneurons-GluN2D-containing receptors contribute to excitatory postsynaptic currents (EPSCs) in the STN, and the slow deactivation rate of GluN2D-containing NMDARs controls the time course of excitatory synaptic transmission in the STN. 14 Therefore, we hypothesized that NAB-14 inhibition would decrease the amplitude and accelerate the deactivation time course of STN EPSCs. NMDAR-mediated EPSCs were evoked by electrical stimulation in rat brain slices and pharmacologically isolated by application of CNQX (10 μM), an AMPA and kainate receptor antagonist ( Figure 5a ). NAB-14 (10 μM) reduced the peak amplitude of evoked EPSCs to 55 ± 3.0% of control, which was significantly different from the vehicle-treated slices (100 ± 2.6%, Figure 5b ,c). The total charge transfer of EPSCs, which is measured by taking the integral of the evoked current response, was reduced to 45 ± 2.8% of control, whereas the charge transfer in the vehicle group was 95 ± 2.8% of the control responses (Figure 5b ,c). To determine whether inhibition by NAB-14 affected EPSC deactivation time course, the decay of evoked EPSCs were fit with a two-component exponential function, and the fold-change in weighted time constants (τ W ) relative to control were compared between vehicle and NAB-14 groups. NAB-14 significantly reduced the τ W of EPSC deactivation, suggesting that inhibition of GluN2D-containing NMDARs by NAB-14 accelerates the EPSC deactivation time course in the STN (Figure 5b ,c). The individual time constants for the two exponential components used to calculate τ W are reported in Supplementary Table 8 . These data are consistent with our previous results 14 demonstrating that DQP-1105, a GluN2C/D-selective negative allosteric modulator from another class of molecules, affects the amplitude and deactivation of STN EPSCs, and thus, strengthen the conclusion that GluN2D-containing receptors control the time course of excitatory synaptic transmission in the STN.
Recently, we showed that the GluN2C/2D-selective positive allosteric modulator CIQ potentiated NMDAR-mediated ESPCs in wild-type hippocampal interneurons, but not GluN2D-deficient interneurons, suggesting that hippocampal interneurons express functional GluN2D-containing synaptic receptors and not GluN2C 7, 8 Here, we tested whether negative modulation of GluN2D-containing NMDARs affected excitatory synaptic transmission at the CA3 Schaffer collateral inputs to CA1 hippocampal interneurons. We also examined CA3-CA1 EPSCs in pyramidal neurons, which do not express GluN2C or GluN2D. The Schaffer collaterals were electrically stimulated, and we measured the peak amplitude, charge transfer, and deactivation time constants of pharmacologically isolated NMDAR-EPSCs ( Figure 6a ). The membrane properties of interneurons are provided in Supplementary Table 9 . NAB-14 decreased the peak amplitude and charge transfer of interneuron EPSCs to 59 ± 9.9% and 63 ± 9.7% of control, respectively ( Figure 6b ). Pyramidal neuron EPSC amplitude and charge transfer in the presence of NAB-14 were 100 ± 3.5% and 105 ± 6.2% of control EPSCs, respectively (Figure 6c ). In addition, NAB-14 decreased τ W for interneuron EPSCs from 150 ± 12 ms to 101 ± 14 ms, whereas τ W for pyramidal neuron EPSCs was 111 ± 12 ms for control EPSCs and 118 ± 9.8 ms in the presence of NAB-14 (Figure 6b,c) . The effects of NAB-14 on EPSC amplitude, charge transfer, and τ W were significantly different between interneurons and pyramidal neurons (Figure 6d) . The time constants for the slow and fast components of the EPSC deactivation time course are reported in Supplementary Table 10 . These data advance our understanding of the role for GluN2D in the hippocampus by demonstrating that GluN2D-containing NMDARs control the time course of excitatory synaptic transmission in hippocampal interneurons. NAB-14 (10 μM) may have fully inhibited diheteromeric GluN1/2D receptors based on the potency established in our concentration-response curves in HEK cells, but NAB-14 activity at triheteromeric GluN1/2A/2D and GluN1/2B/2D has not yet been tested. NAB-14 effectively inhibited GluN1/2A/2C triheteromeric receptors, but with reduced potency, and it is possible that NAB-14 potency is similarly reduced at GluN2D-containing triheteromeric receptors. Therefore, the NAB-14-insensitive current in subthalamic neurons and hippocampal interneurons may be mediated primarily by receptors containing only GluN1, GluN2A, and GluN2B, or a substantial portion of the residual current may be mediated by triheteromeric GluN2D-containing receptors.
Our findings identify NAB-14 as a tool for selectively modulating excitation of gabaergic hippocampal interneurons, while leaving excitatory input to glutamatergic pyramidal neurons unaffected, which could prove useful in studies aimed at understanding and modulating the balance of excitation and inhibition in the hippocampus. An interesting result from a qualitative assessment of our results with NAB-14 in the STN versus hippocampal interneurons is that NAB-14 affected STN EPSC parameters with little variation, whereas interneuron EPSCs were affected to varying degrees. Our STN findings are consistent with previous work using the GluN2C/2D-selective antagonist DQP-1105, which reliably inhibited all STN EPSCs by similar magnitudes. 14 In addition, the effects of CIQ, a GluN2C/2D-selective modulator on EPSCs in hippocampal interneurons were variable in that only a subpopulation of interneuron EPSCs were potentiated by CIQ. 8 These findings are consistent with the hypothesis that a majority, or perhaps all, of the STN neurons highly express GluN2D, whereas GluN2D expression levels vary across interneurons in CA1 hippocampus. In situ hybridization studies support this hypothesis as GluN2D mRNA was detected in a subpopulation of interneurons, but it remains unclear whether GluN2D expression is specific to particular subclasses of interneurons. 7, 8 Why GluN2D is beneficial, or perhaps even necessary, for the function of some interneurons, but not others, remains a fundamental unanswered question. Elucidating how GluN2D modulation affects hippocampal circuit function could shed light on the role for GluN2 subunit diversity in the brain and advance strategies for modulating hippocampal function in animal models of disease.
In summary, we have developed a series of highly selective GluN2C/2D negative allosteric modulators with sub-micromolar potency in mammalian cells. Compound NAB-14 inhibits GluN2C-and GluN2D-containing NMDARs in neurons, with no activity at native GluN2Aand GluN2B-containing receptors. Importantly, NAB-14 inhibits triheteromeric GluN1/ GluN2A/GluN2C receptors, which suggests that NAB-14 may inhibit all receptors containing one or two GluN2C or GluN2D subunits in the brain. Structural determinants for NAB-14 selectivity reside in the M1 transmembrane helix, which suggests that the compound either binds near to this region or that this region is necessary for the downstream actions of the compound during gating. Further work will be necessary to precisely define the binding site for these compounds. NAB-14 inhibits GluN2D-mediated synaptic transmission in the STN and CA1 interneurons, and this work strengthens the assertion that GluN2D has important roles in controlling the magnitude and time course of excitatory synaptic transmission in the brain. In addition, this series has some promising drug-like properties including absorption into plasma after oral dosing and penetration of the bloodbrain-barrier, indicating that these compounds have the potential to be further developed towards therapies for neurological diseases. This novel class of compounds provides advances in both potency and selectivity over available GluN2C/2D-selective antagonists, making these modulators excellent tools for studying the function of GluN2C and GluN2D in the brain and examining how NMDAR modulation in a subset of neurons affects neural circuit function in the healthy brain as well as disease models.
METHODS

Synthetic chemistry
The detailed synthetic schemes are described in the Supporting Information. Compounds for which a synthetic route is not described were purchased from commercial vendors. The purity of purchased compounds was determined by the suppliers, via HPLC or NMR, to be greater than 90%. All reagents were purchased from commercial suppliers and used without additional purification. All dry organic solvents were obtained from a Glass Contour System. Reaction progress was monitored via thin layer chromatography (TLC) using precoated glass plates (silica gel 60 F254, 0.25 mm). Purification via flash column chromatography was performed using a Teledyne ISCO Combiflash Companion with prepackaged Teledyne RediSep disposable normal phase silica columns. Proton and carbon NMR spectra were recorded on an INOVA-400 (400 MHz), VNMRS 400 (400 MHz), INOVA-600 (600 MHz), VNMRS 400 (400 MHz), Unity-600 (600 MHz), or Mercury 300 Vx (300 MHz). All spectra were referenced to the residual solvent peak, with chemical shifts reported in parts per million. The Emory University Mass Spectrometry Center obtained mass spectra on a VG 70-S Nier Johnson or JEOL instrument. The purity of all final compounds was found to be ≥ 95% unless otherwise noted.
cDNA constructs
The following rat NMDAR cDNAs were used: GluN2A (D13211), GluN2B (U11419), GluN2C (M91563), GluN2D (L31611), GluN1-1a, -1b, -2a, -2b, -3a, -3b, -4a, -4b (U08261, U08263, U08262, U08264, U08265, U08266, U08267, U08268). 53 The triheteromeric C1and C2-tagged GluN2A and GluN2C cDNAs were described in Khatri et al., 2014. The
GluN2A-D chimeras and point mutations for the structural determinant studies were previously described. 56, 57 All NMDAR cDNAs were in the pCI-Neo vector except GluN2C and GluN2D, which were in an unpublished vector provided by Peter Seeburg. 58 For the offtarget experiments, plasmids containing cDNA for GABA A (α 1 β 2 γ 2 and ρ1), glycine (α1), serotonin (5-HT 3A ), nicotinic acetylcholine receptor (α 1 β 1 δγ, α 2 β 4 , α 4 β 3 ), and purinergic (P2X 2 ) receptors were provided by Drs. Heinemann (Salk), Weiss (Univ. of Texas, San Antonio), Papke (Univ. of Florida), and Hume (Univ. of Michigan).
Two-electrode voltage-clamp recordings in Xenopus oocytes
cRNA was synthesized by in vitro transcription according to the manufacturer's specifications (Ambion). Xenopus laevis oocytes were injected with 10 ng of cRNA and incubated at 15°C in Barth's solution consisting of (in mM) 88 NaCl, 1 KCl, 24 NaHCO 3 , 10 HEPES, 0.82 MgSO 4 , 0.33 Ca(NO 3 ) 2 , and 0.91 CaCl 2 and supplemented with 100 μg/mL gentamycin, 40 μg/mL streptomycin, and 50 μg/mL penicillin. The oocytes for triheteromeric experiments were injected with 2 ng of cRNA and incubated at 19°C. TEVC recordings were made from Xenopus oocytes 2-7 days post-injection of cRNA with recording conditions as described previously. 54 Triheteromeric receptor recordings were always performed 2 days post-injection of cRNA. To prevent a gradual increase in current response over the course of the experiment, some oocytes expressing GluN1/GluN2A were injected with 50 nl of 2 mM K-BAPTA. Concentration-response curves for test compounds were generated by applying a maximally effective concentration of glutamate (100 μM) and glycine (30 μM), followed by variable concentrations of test compound up to 100 μM. Test compounds were prepared as 20 mM stock solutions in DMSO, and diluted to the final concentration in recording solution. DMSO content was 0.05-0.5% (vol/vol). 1-10 mM 2hydroxypropyl-β-cyclodextrin was added to the recording solution for Xenopus oocyte recordings to ensure that the compounds remained in solution. No detectable effect on NMDAR response was observed for 2-hydroxypropyl-β-cyclodextrin alone.
For testing off-target effects on non-NMDARs, currents were evoked with respective agonists in the absence and presence of 20 μM NAB-14. Currents from GluA1-2 and GluK1-2 receptors were evoked with 100 μM glutamate; oocytes expressing GluK2 were incubated in concanavalin A (1 mg/ml) for 10 min prior to recording. GluK2/GluK4 and GluK2/GluK5 currents were evoked with 100 μM AMPA. The following receptors were tested at the agonist concentration listed: GABA A α 1 β 2 γ 2 (20 μM GABA), GABA A ρ 1 (1 μM GABA), glycine α1 (50 μM glycine), 5-HT 3A (1 μM serotonin), nicotinic acetylcholine α 1 β 1 δγ (1 μ M acetylcholine), α 4 β 2 (10 μM acetylcholine), α 7 (300 μM acetylcholine), and P2X 2 (9 μM ATP).
Nephelometry
Compound solubility in aqueous solution was determined using nephelometry. Briefly, the compounds were dissolved in DMSO (20 mM) and diluted to eight different concentrations between 1.75-200 μM in buffer containing (in mM) 150 NaCl, 10 HEPES, 3 KCl, and 0.5 CaCl 2 and incubated for 0 min, 5 min, 30 min, 1 hr, or 3 hr at room temperature. Forward light scattering of the solutions was measured using a microplate nephelometer (NEPHELOstar, BMG Labtech). The maximum solubility was determined as the intersection point of a segmental regression fit of the data. Solubility of each compound was measured over two independent experiments with three replicates in each experiment, and the estimated maximal solubility was reported as the average of the two experiments.
Cell culture and transfection
HEK-293 cells (CRL 1573, ATCC) were cultured in DMEM with GlutaMax-I supplemented with 10% fetal bovine serum (FBS), 10 U/ml penicillin, and 10 μg/ml streptomycin. The cells were plated on coverslips coated with 0.1 mg/ml poly-D-lysine approximately 48 hr before the experiment, and transfected with rat GluN1-1a and GluN2D cDNA plasmids using the calcium phosphate method 24 hr prior to the experiment. After transfection, the cells were cultured with 200 μM D,L-amino-5-phosphonovaleric acid (D,L-APV) and 200 μM 7-chlorokyneurenic acid in the culture medium.
Primary cortical neurons were isolated from E18 Sprague Dawley rat embryos of both sexes (Charles River Labs) as described previously. 59 
Whole-cell voltage-clamp recordings from cultured cells
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Author Manuscript and glycine (0.5 mM) through a borosilicate glass tube (3.5 MΩ). Three to ten stable control measurements were obtained at 30 s intervals for either single pulses or five pulses delivered at 1 Hz. NMDAR modulators were bath-applied in external solution while currents were continuously evoked by pressure application of agonists. The NMDAR competitive antagonist D,L-APV (400 μM) was bath-applied to determine if the current responses were entirely NMDAR-mediated. Series resistance was monitored during recordings, and was typically 10-20 MΩ; if the series resistance changed more than 20% during the recording, then the cell was excluded.
Brain slice preparation and whole-cell voltage-clamp recordings
Sprague Dawley rats (aged P15-P20) of both sexes were used to study acute STN slices, and C57Bl/6J mice (aged P14-P21) of both sexes were used to study acute hippocampal slices. These procedures were approved by the Emory University Institutional Animal Care and Use Committee, and were performed in accordance with state and federal Animal Welfare Acts and the policies of the Public Health Service. For STN slices, rats were deeply anesthetized with an overdose of inhaled isoflurane and transcardially perfused with ice-cold sucrose-based aCSF solution that contained (in mM) 230 sucrose, 24 NaHCO 3 , 10 glucose, 3 KCl, 10 MgSO 4 , 1.25 NaH 2 PO 4 , and 0.5 CaCl 2 saturated with 95% O 2 /5% CO 2 . The brain was rapidly removed, hemisected, and glued to the stage of a vibratome (Leica VT1200S). Sagittal brain slices (250 μm) were cut in ice-cold sucrose-based aCSF solution.
Slices were incubated at room temperature in NaCl-based aCSF solution that contained (in mM) 130 NaCl, 24 NaHCO 3 , 10 glucose, 3 KCl, 3 MgSO 4 , 1.25 NaH 2 PO 4 , and 1 CaCl 2 that was saturated with 95% O 2 /5% CO 2 for at least 1 h before use. STN recordings were performed at 32°C in extracellular aCSF that contained (in mM) 130 NaCl, 24 NaHCO 3 , 10 glucose, 3 KCl, 0.2 MgSO 4 , 2.5 CaCl 2 , and 1.25 NaH 2 PO 4 saturated with 95% O 2 /5% CO 2 .
Recording electrodes were filled with (in mM) 120 Cs-methanesulfonate, 15 CsCl, 10 tetraethylammonium chloride, 10 HEPES, 8 NaCl, 3 Mg-ATP, 1.5 MgCl 2 , 1 QX-314, 0.3 Na-GTP, and 0.2 EGTA, pH 7.3. For hippocampal slices, mice were deeply anesthetized with an overdose of inhaled isoflurane and decaptitated, and then the brain was removed, hemisected, and glued to the vibratome stage (Leica VT1200S). Horizontal brain slices (300 μm) were cut in ice-cold sucrose-based aCSF as above, and incubated in NaCl-based aCSF as above at 34°C for 30 min, and then room temperature for at least 30 min. Hippocampal slice recording conditions were the same as the STN recordings above, but with 1.5 mM MgSO 4 . All recordings were made using an Axopatch 200B amplifier (Molecular Devices), digitized at 20 kHz using Axon pClamp10 software, and filtered at 2 kHz using an eightpole Bessel filter (−3 dB; Frequency Devices).
A Picospritzer II was used to evoke NMDAR current responses with pressure pulses (4-12 psi; 3-20 ms) of NMDA (1 mM) and glycine (0.5 mM) through a borosilicate glass tube (3.5 MΩ). During the picospritzer recordings, the external solution was supplemented with 0.5 μM tetrodotoxin, 10 μM bicuculline, and 5 μM nimodipine. NMDAR modulators or vehicle were bath-applied in aCSF for 5-10 min while currents were continuously evoked by pressure application of NMDA and glycine. Then, the slice was washed with the control aCSF solution, and the NMDAR competitive antagonist D,L-APV (400 μM) was bathapplied. EPSCs were evoked by injecting 50-500 μA of current for 0.1 ms using a bipolar tungsten-stimulating electrode (FHC) placed near the internal capsule fibers rostral to the STN or near the CA3 fibers in the CA1 stratum radiatum. Voltage-clamp recordings were performed at −40 mV for the STN and +40 mV for the hippocampus. EPSCs were evoked every 30 s, and the external aCSF was supplemented with 10 μM bicuculline methiodide and 10 μM NBQX or 10 μM CNQX. NMDAR modulators were applied as described for NMDA/glycine pressure pulses and D,L-APV (100 μM) was applied at the end of each experiment to determine if the current response was NMDAR-mediated. Series resistance was monitored throughout the experiment, and was typically 8-20 MΩ. Current responses were corrected for series resistance offline using ChanneLab (Synaptosoft). 60 If the series resistance changed >20% during the experiment, then the cell was excluded.
Compound NAB-14 does not adhere to polyethylene tubing when moving at a high rate (1-5 ml/min) through large diameter tubing as is the case for all of our electrophysiological recordings. However, when NAB-14 (20 μM) was dissolved in PBS with 0.1% DMSO and run through small diameter polyethylene tubing at a very slow rate (0.1 μl/min), as would be used to administer drug into the brain parenchyma for in vivo studies, no NAB-14 was present in the solution expelled from the tubing as analyzed by HPLC. We concluded that NAB-14 can adhere to the polyethylene tubing given sufficient time, and thus, we washed all tubing and chambers between experiments with ethanol.
In vivo exposure studies
Measurements of test compound concentrations in plasma and brain following administration of compounds 1, 2, 17, and NAB-14 were performed in mice and rats. Groups of mice (male C57BL/6, 18-22 g, Charles River Lab., UK) and rats (male Wistar, 225-250 g, Charles River Lab., UK) received an oral dose of 20 mg/kg. All test compounds were solubilized in PEG400 dosed in a volume of 10 ml/kg and 5 ml/kg for mice and rats, respectively. Samples were collected at 0.5, 1, and 3 hr after administration (2-3 animals per time point) from plasma and brain after being subject to isoflurane anesthesia. Blood samples were taken in EDTA-coated glass tubes by cardiac puncture followed by decapitation and removal of the brains. Isolation of the plasma from whole blood was achieved by centrifugation (10 min at 4 °C). Brain homogenate was prepared by homogenizing the whole brain with 70% acetonitrile (1:4 v/v). Quantitative bioanalysis was performed using ultra-performance liquid chromatography (UPLC) (Waters, Milford, MA) coupled to tandem mass spectrometry (Sciex 4000; AB Sciex, Foster City, CA). The lower limit of quantification (LOQ) was 1 ng/ml in plasma and 5 ng/g in brain for all test compounds. Ethical permission for the in vivo procedures was granted by the Danish Animal Experiments Inspectorate, and all animal procedures were performed in compliance with Directive 2010/63/EU of the European Parliament and of the Council, and with Danish Law and Order regulating animal experiments.
The free fraction of the test compounds in mouse and rat plasma and brain tissue were determined in vitro at 37°C using equilibrium dialysis as described. 61 The assay was performed using a test compound concentration of 1 μM incubated for 5 h. Free (unbound) brain concentrations in vivo were derived by multiplying the measured total brain concentration with the free fraction. 
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Data analysis
Concentration-response data was analyzed using OriginPro 9.0 or GraphPad 5.0. For inhibition concentration-response curves, the inhibitory response evoked by test compounds was given as a percentage of the initial response to glutamate and glycine alone. Data for individual cells were fit with the Hill equation:
where N is the Hill slope, [I] is the inhibitor concentration, and minimum is the minimum response predicted for saturating concentrations of inhibitor. Minimum was fixed to 0 unless stated otherwise. For agonist concentration-response curves, the data for individual cells were fit with:
where EC 50 is the concentration of agonist that produces half of the Maximal Response and N is the Hill slope. Fitted EC 50 and IC 50 values as well as pEC 50 Structural determinants of NAB-14 reside in the M1 transmembrane helix. (a) A sequence alignment of the M1 transmembrane helix across rat GluN2 subunits shows four residues that differ between GluN2A/2B and GluN2C/2D (gray shading). Site-directed mutagenesis was used to switch these GluN2A and GluN2D residues and to mutate all M1 residues to alanine or cysteine. Supplementary Table 12 for mean comparison p-values]. (e) A homology model of the GluN1/GluN2D 63 receptor based on crystal structures of the GluN1/GluN2B receptor 64, 65 shows the GluN2 M1 helix in yellow and illustrates the residues that affect NAB-14 activity when mutated; blue residues resulted in a nearly complete loss of inhibition and green residues modestly affected inhibition at 10 μM NAB-14, and Cys590 in magenta was involved in GluN2 selectivity as shown by the effects of switching the analogous GluN2A and GluN2D residues at this position in panel c. GluN2D-containing NMDARs mediate synaptic transmission at CA3-CA1 synapses in hippocampal interneurons. (a) Electrically evoked NMDAR EPSCs were recorded from CA1 interneurons or pyramidal neurons by whole-cell voltage-clamp (hold = +40 mV) in aCSF with NBQX (10 μM) and bicuculline (10 μM). EPSCs were recorded in aCSF (control), aCSF containing 0.1% DMSO (vehicle) or 10 μM NAB-14, and 100 μM D,L-APV. The peak amplitude, charge transfer, and τ W were measured for (b) interneuron and (c) pyramidal neuron EPSCs, and the paired values for control and vehicle or NAB-14 conditions were plotted for each neuron. (d) The data were normalized to baseline and plotted as the percent of the control responses for each cell (gray circles) with the mean ± s.e.m. The effect of NAB-14 on each parameter was compared between interneuron (IN) and pyramidal neuron (PN) groups by unpaired t-tests. The significance level was corrected for family-wise error: α = 0.05/3 = 0.016 ( † p = 0.009, ‡ p = 0.011, and *p = 0.005). Table 4 In vivo exposure of NAB compounds in mice and rats. 
